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Wound healing is a multiscale phenomenon
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Integrating adhesion, signaling, and actin dynamics

Molecules to motility problem: how do we 
connect intracellular dynamics to the 
mechanics of leading-edge protrusion?

Statistics of directed migration from chemotaxis and haptotaxis experiments

Heterogeneous milieu problem: how do we integrate information about spatial and biological 
heterogeneity of the wound?

Diversity of cues problem: PDGF is only 
one spatial cue for fibroblast migration; it is 
paramount to consider the confluence of 
chemotaxis, haptotaxis, and durotaxis.

Overall modeling approach & current challenges

A new experimental and analysis workflow
Our physicochemical model combines adhesion and dendritic actin dynamics. Nascent
adhesions affect the F-actin network by mediating activation of Rho-family GTPases and
mechanically resisting retrograde flow. Rho/ROCK signaling enhances myosin II motor activity,
which is also affected by the PLC/PKC pathway during fibroblast chemotaxis.

Model
We have modeled actin polymerization at the leading edge and the resulting retrograde flow of the F-
actin network. Nascent adhesions promote actin polymerization via Rac signaling as well as interact 
with the F-actin network to activate Rho. Subsequently, active myosin II engages and applies stress 
to the F-actin network. The 1-D system of PDEs is solved in MATLAB. 

Control case (no myosin contractility) simulation showing steady state 
spatial profiles of various variables. 

Adhesion density (N0) = 20 #/μm2. Total G-actin (GT) = 10 μΜ. 
Myosin contractility (αmyo) = 0 pN-μm. 
The leading edge is at x = 0 μm.
All other variables are zero, initially.

Introduction
• Cell migration plays an essential role in wound healing, embryonic development, cancer metastasis 

as well as innate and adaptive immunity. 
• Amongst the different cell migration phenotypes, amoeboid and mesenchymal motility modes lie at 

opposite extremes. The mesenchymal migration phenotype is characterized by slow locomotion, 
strong adhesions mostly with the extracellular matrix (ECM), and a distinct actin cytoskeletal and 
myosin spatial profile. 

• In mesenchymal and epithelial cells, integrins orchestrate the dynamics of the actin cytoskeleton, 
responsible for force generation, adhesion complexes, responsible for force transduction, and 
biochemical regulatory networks, responsible for signal transduction.

• Nascent adhesions form at the leading edge of migrating cells, where transmembrane integrins 
form attachments to ECM and to actin filaments during membrane protrusion in a myosin II-
independent manner. 

• Nascent adhesions play an important signaling role in migrating cells. They activate Rac and other 
signaling pathways that further promote barbed end polymerization and protrusion, forming a 
positive feedback loop. Moreover, adhesions under tension promote the activation of RhoA/ROCK 
signaling, which in turn activates myosin II. 

• Nascent adhesions also play a crucial role in force transduction. They bind with F-actin and create 
a mechanical clutch, allowing polymerizing actin to overcome membrane stress and push the 
membrane forward.

Integrative Model of Actin, Adhesion and Signaling Dynamics at the 
Leading Edge of Migrating Cells 

Ankit Chandra and Jason M. Haugh

Department of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh NC
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Vret(x=0)

Vmem

Myosin Mechanically Disrupts the Feedback Between 
Adhesions and F-actin
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Cofilin activity has been 
shown to be up regulated in 
many highly invasive 
cancers. To model this we 
varied the F-actin 2 
depolymerization rate 
constant (kF2). Clutched 
adhesion density increases 
with kF2 in the case of high 
myosin contractility while it 
decreases in the absence of 
myosin contractility.
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Previous Models 

Model Signaling
Explicit 
Actin 
Dynamics

Explicit 
Adhesion 
Dynamics

Explicit 
Mechanics
/Force 
Balance

Spatial Other

Current Model + + + + +
Nickaeen et al., PLoS 
Comput. Biol. (2017).  - - - + + 2D, moving 

boundary 

Aroush et al., Curr. Biol. 
(2017). - + - +/- +
Holmes et al.,  PLoS Comput 
Biol (2017). + - - - -
Barnhart el al., Curr. Biol. 
(2017). - - + - +
Copos et al., Biophys. J.
(2017).  - - + + + Whole cell 

model 

Cheng et al., Biophys. J. 
(2016). +/- +/- + + - Filopodial 

dynamics

Craig et al., Phys. Biol. 
(2015) - - + + +
Welf et al., Mol. Biol. Cell.  
(2013) +/- - + + -
Tani et al., Biophys. J. 
(2013). - +/- - - +
Hu & Papoian, J. Phys. 
Chem. (2013). - + - + + 3D

Shemesh et al., Biophys. J. 
(2012). - - + + + 2D

Craig et al., Biophys. J. 
(2012). - + - + +
Walcott & Sun, Proc. Natl. 
Acad. Sci. (2010). - - + +/- + 2D

Chan & Odde, Science. 
(2008). - - + - +
Gracheva & Othmer, Bull. 
Math. Biol. (2004). +/- - + + + Includes cell 

rear

Mogilner & Edelstein-Keshet, 
Biophys. J. (2002). - + - +/- +
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Increased F-actin Breakdown Strengthens Positive Feedback 
by Reducing Myosin Stress

Our model predicts an optimal ECM (adhesion) density 
for maximal protrusion velocity. At lower ECM densities, 
not enough clutched adhesions are formed and most of 
the actin polymerization results in retrograde flow (Vret). 
At the optimum ECM density, enough adhesions are 
clutched, activating the positive feedback loop. This 
results in increased Rac signaling and barbed end 
density. Moreover, a steep decrease in retrograde 
velocity at the leading edge (x=0) and a steep increase 
in membrane velocity occurs. At higher ECM densities, 
competition among increased barbed end density for G-
actin reduces protrusion velocity below optimum levels. 

Conclusions
We have constructed a model that integrates and spatially resolves adhesion, cytoskeletal, and 
signaling dynamics at the leading edge of mesenchymal cells. Our model predicts an optimal 
adhesion density for maximal protrusion velocity. This occurs due to a positive feedback loop 
between adhesions and F-actin. Increasing total G-actin directly fuels this positive feedback loop, 
leading to increased protrusion velocity. Myosin activity mechanically disrupts this feedback loop by 
destabilizing the adhesions.
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At lower ECM densities, 
increasing total G-actin has 
limited effect on protrusion 
velocity due to low clutched 
adhesion and barbed end 
densities. At higher ECM 
densities, increasing G-actin 
greatly increases protrusion 
velocity, directly fueling the 
positive feedback loop 
between clutched adhesions 
and F-actin.

Total G-actin Fuels Lamellipodial Protrusion

Close to optimal and at higher 
adhesion densities, increased 
myosin contractility (αmyo) can 
significantly restrict protrusion 
velocity. Myosin activity 
applies stress on the F-actin 
network and destabilizes 
clutched adhesions.

Feedback Between Adhesions and F-actin Promotes 
Lamellipodial Protrusion

F-actin Adhesions

F-actin Adhesions

Myosin

F-actin Adhesions

Myosin

Cofilin

G-Actin (ATP)

ECM

G-Actin (ADP) F-Actin 1

F-Actin 2Myosin

Rho Rac

Arp 2/3 primed 
with G-Actin

Nascent Adhesion 
(free)

Nascent Adhesion 
(clutch)

Force on 
F-Actin

MembraneMyosin ClutchViscous

−μ
∂Vret

∂x x=0
= σ0 + H(Vmax)αmemVmem(t)

Vret(x = L, t) = 0

μ
∂2Vret

∂x2 = − αmyoNAv
∂M
∂x

+ ζVret + ( Vret

Vc + 2 |Vret | ) f*c nc

h

Boundary conditions

Force balance on F-actin network

Control Steady State Solution

Adhesion-F-actin feedback 
promotes protrusion

Myosin II mechanically disrupts 
pro-protrusion feedback

Model
We have modeled actin polymerization at the leading edge and the resulting retrograde flow of the F-
actin network. Nascent adhesions promote actin polymerization via Rac signaling as well as interact 
with the F-actin network to activate Rho. Subsequently, active myosin II engages and applies stress 
to the F-actin network. The 1-D system of PDEs is solved in MATLAB. 

Control case (no myosin contractility) simulation showing steady state 
spatial profiles of various variables. 

Adhesion density (N0) = 20 #/μm2. Total G-actin (GT) = 10 μΜ. 
Myosin contractility (αmyo) = 0 pN-μm. 
The leading edge is at x = 0 μm.
All other variables are zero, initially.

Introduction
• Cell migration plays an essential role in wound healing, embryonic development, cancer metastasis 

as well as innate and adaptive immunity. 
• Amongst the different cell migration phenotypes, amoeboid and mesenchymal motility modes lie at 

opposite extremes. The mesenchymal migration phenotype is characterized by slow locomotion, 
strong adhesions mostly with the extracellular matrix (ECM), and a distinct actin cytoskeletal and 
myosin spatial profile. 

• In mesenchymal and epithelial cells, integrins orchestrate the dynamics of the actin cytoskeleton, 
responsible for force generation, adhesion complexes, responsible for force transduction, and 
biochemical regulatory networks, responsible for signal transduction.

• Nascent adhesions form at the leading edge of migrating cells, where transmembrane integrins 
form attachments to ECM and to actin filaments during membrane protrusion in a myosin II-
independent manner. 

• Nascent adhesions play an important signaling role in migrating cells. They activate Rac and other 
signaling pathways that further promote barbed end polymerization and protrusion, forming a 
positive feedback loop. Moreover, adhesions under tension promote the activation of RhoA/ROCK 
signaling, which in turn activates myosin II. 

• Nascent adhesions also play a crucial role in force transduction. They bind with F-actin and create 
a mechanical clutch, allowing polymerizing actin to overcome membrane stress and push the 
membrane forward.

Integrative Model of Actin, Adhesion and Signaling Dynamics at the 
Leading Edge of Migrating Cells 

Ankit Chandra and Jason M. Haugh

Department of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh NC
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Myosin Mechanically Disrupts the Feedback Between 
Adhesions and F-actin
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Cofilin activity has been 
shown to be up regulated in 
many highly invasive 
cancers. To model this we 
varied the F-actin 2 
depolymerization rate 
constant (kF2). Clutched 
adhesion density increases 
with kF2 in the case of high 
myosin contractility while it 
decreases in the absence of 
myosin contractility.
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Dynamics
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Dynamics
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Current Model + + + + +
Nickaeen et al., PLoS 
Comput. Biol. (2017).  - - - + + 2D, moving 

boundary 

Aroush et al., Curr. Biol. 
(2017). - + - +/- +
Holmes et al.,  PLoS Comput 
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Barnhart el al., Curr. Biol. 
(2017). - - + - +
Copos et al., Biophys. J.
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model 

Cheng et al., Biophys. J. 
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Craig et al., Phys. Biol. 
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Increased F-actin Breakdown Strengthens Positive Feedback 
by Reducing Myosin Stress

Our model predicts an optimal ECM (adhesion) density 
for maximal protrusion velocity. At lower ECM densities, 
not enough clutched adhesions are formed and most of 
the actin polymerization results in retrograde flow (Vret). 
At the optimum ECM density, enough adhesions are 
clutched, activating the positive feedback loop. This 
results in increased Rac signaling and barbed end 
density. Moreover, a steep decrease in retrograde 
velocity at the leading edge (x=0) and a steep increase 
in membrane velocity occurs. At higher ECM densities, 
competition among increased barbed end density for G-
actin reduces protrusion velocity below optimum levels. 

Conclusions
We have constructed a model that integrates and spatially resolves adhesion, cytoskeletal, and 
signaling dynamics at the leading edge of mesenchymal cells. Our model predicts an optimal 
adhesion density for maximal protrusion velocity. This occurs due to a positive feedback loop 
between adhesions and F-actin. Increasing total G-actin directly fuels this positive feedback loop, 
leading to increased protrusion velocity. Myosin activity mechanically disrupts this feedback loop by 
destabilizing the adhesions.
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At lower ECM densities, 
increasing total G-actin has 
limited effect on protrusion 
velocity due to low clutched 
adhesion and barbed end 
densities. At higher ECM 
densities, increasing G-actin 
greatly increases protrusion 
velocity, directly fueling the 
positive feedback loop 
between clutched adhesions 
and F-actin.

Total G-actin Fuels Lamellipodial Protrusion

Close to optimal and at higher 
adhesion densities, increased 
myosin contractility (αmyo) can 
significantly restrict protrusion 
velocity. Myosin activity 
applies stress on the F-actin 
network and destabilizes 
clutched adhesions.

Feedback Between Adhesions and F-actin Promotes 
Lamellipodial Protrusion

F-actin Adhesions

F-actin Adhesions

Myosin

F-actin Adhesions

Myosin

Cofilin

G-Actin (ATP)
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G-Actin (ADP) F-Actin 1
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Rho Rac
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(free)
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MembraneMyosin ClutchViscous

−μ
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∂x x=0
= σ0 + H(Vmax)αmemVmem(t)

Vret(x = L, t) = 0

μ
∂2Vret

∂x2 = − αmyoNAv
∂M
∂x

+ ζVret + ( Vret

Vc + 2 |Vret | ) f*c nc

h

Boundary conditions

Force balance on F-actin network

Control Steady State Solution

G-actin fuels protrusion; F-actin turnover enhances G-actin flux and reduces actomyosin

Model
We have modeled actin polymerization at the leading edge and the resulting retrograde flow of the F-
actin network. Nascent adhesions promote actin polymerization via Rac signaling as well as interact 
with the F-actin network to activate Rho. Subsequently, active myosin II engages and applies stress 
to the F-actin network. The 1-D system of PDEs is solved in MATLAB. 

Control case (no myosin contractility) simulation showing steady state 
spatial profiles of various variables. 

Adhesion density (N0) = 20 #/μm2. Total G-actin (GT) = 10 μΜ. 
Myosin contractility (αmyo) = 0 pN-μm. 
The leading edge is at x = 0 μm.
All other variables are zero, initially.

Introduction
• Cell migration plays an essential role in wound healing, embryonic development, cancer metastasis 

as well as innate and adaptive immunity. 
• Amongst the different cell migration phenotypes, amoeboid and mesenchymal motility modes lie at 

opposite extremes. The mesenchymal migration phenotype is characterized by slow locomotion, 
strong adhesions mostly with the extracellular matrix (ECM), and a distinct actin cytoskeletal and 
myosin spatial profile. 

• In mesenchymal and epithelial cells, integrins orchestrate the dynamics of the actin cytoskeleton, 
responsible for force generation, adhesion complexes, responsible for force transduction, and 
biochemical regulatory networks, responsible for signal transduction.

• Nascent adhesions form at the leading edge of migrating cells, where transmembrane integrins 
form attachments to ECM and to actin filaments during membrane protrusion in a myosin II-
independent manner. 

• Nascent adhesions play an important signaling role in migrating cells. They activate Rac and other 
signaling pathways that further promote barbed end polymerization and protrusion, forming a 
positive feedback loop. Moreover, adhesions under tension promote the activation of RhoA/ROCK 
signaling, which in turn activates myosin II. 

• Nascent adhesions also play a crucial role in force transduction. They bind with F-actin and create 
a mechanical clutch, allowing polymerizing actin to overcome membrane stress and push the 
membrane forward.

Integrative Model of Actin, Adhesion and Signaling Dynamics at the 
Leading Edge of Migrating Cells 

Ankit Chandra and Jason M. Haugh

Department of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh NC
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Vret(x=0)

Vmem

Myosin Mechanically Disrupts the Feedback Between 
Adhesions and F-actin
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Cofilin activity has been 
shown to be up regulated in 
many highly invasive 
cancers. To model this we 
varied the F-actin 2 
depolymerization rate 
constant (kF2). Clutched 
adhesion density increases 
with kF2 in the case of high 
myosin contractility while it 
decreases in the absence of 
myosin contractility.
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Previous Models 

Model Signaling
Explicit 
Actin 
Dynamics

Explicit 
Adhesion 
Dynamics

Explicit 
Mechanics
/Force 
Balance

Spatial Other

Current Model + + + + +
Nickaeen et al., PLoS 
Comput. Biol. (2017).  - - - + + 2D, moving 

boundary 

Aroush et al., Curr. Biol. 
(2017). - + - +/- +
Holmes et al.,  PLoS Comput 
Biol (2017). + - - - -
Barnhart el al., Curr. Biol. 
(2017). - - + - +
Copos et al., Biophys. J.
(2017).  - - + + + Whole cell 

model 

Cheng et al., Biophys. J. 
(2016). +/- +/- + + - Filopodial 

dynamics

Craig et al., Phys. Biol. 
(2015) - - + + +
Welf et al., Mol. Biol. Cell.  
(2013) +/- - + + -
Tani et al., Biophys. J. 
(2013). - +/- - - +
Hu & Papoian, J. Phys. 
Chem. (2013). - + - + + 3D

Shemesh et al., Biophys. J. 
(2012). - - + + + 2D

Craig et al., Biophys. J. 
(2012). - + - + +
Walcott & Sun, Proc. Natl. 
Acad. Sci. (2010). - - + +/- + 2D

Chan & Odde, Science. 
(2008). - - + - +
Gracheva & Othmer, Bull. 
Math. Biol. (2004). +/- - + + + Includes cell 

rear

Mogilner & Edelstein-Keshet, 
Biophys. J. (2002). - + - +/- +
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Increased F-actin Breakdown Strengthens Positive Feedback 
by Reducing Myosin Stress

Our model predicts an optimal ECM (adhesion) density 
for maximal protrusion velocity. At lower ECM densities, 
not enough clutched adhesions are formed and most of 
the actin polymerization results in retrograde flow (Vret). 
At the optimum ECM density, enough adhesions are 
clutched, activating the positive feedback loop. This 
results in increased Rac signaling and barbed end 
density. Moreover, a steep decrease in retrograde 
velocity at the leading edge (x=0) and a steep increase 
in membrane velocity occurs. At higher ECM densities, 
competition among increased barbed end density for G-
actin reduces protrusion velocity below optimum levels. 

Conclusions
We have constructed a model that integrates and spatially resolves adhesion, cytoskeletal, and 
signaling dynamics at the leading edge of mesenchymal cells. Our model predicts an optimal 
adhesion density for maximal protrusion velocity. This occurs due to a positive feedback loop 
between adhesions and F-actin. Increasing total G-actin directly fuels this positive feedback loop, 
leading to increased protrusion velocity. Myosin activity mechanically disrupts this feedback loop by 
destabilizing the adhesions.
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At lower ECM densities, 
increasing total G-actin has 
limited effect on protrusion 
velocity due to low clutched 
adhesion and barbed end 
densities. At higher ECM 
densities, increasing G-actin 
greatly increases protrusion 
velocity, directly fueling the 
positive feedback loop 
between clutched adhesions 
and F-actin.

Total G-actin Fuels Lamellipodial Protrusion

Close to optimal and at higher 
adhesion densities, increased 
myosin contractility (αmyo) can 
significantly restrict protrusion 
velocity. Myosin activity 
applies stress on the F-actin 
network and destabilizes 
clutched adhesions.

Feedback Between Adhesions and F-actin Promotes 
Lamellipodial Protrusion

F-actin Adhesions

F-actin Adhesions

Myosin

F-actin Adhesions

Myosin

Cofilin

G-Actin (ATP)

ECM

G-Actin (ADP) F-Actin 1

F-Actin 2Myosin

Rho Rac

Arp 2/3 primed 
with G-Actin

Nascent Adhesion 
(free)

Nascent Adhesion 
(clutch)

Force on 
F-Actin

MembraneMyosin ClutchViscous

−μ
∂Vret

∂x x=0
= σ0 + H(Vmax)αmemVmem(t)

Vret(x = L, t) = 0

μ
∂2Vret

∂x2 = − αmyoNAv
∂M
∂x

+ ζVret + ( Vret

Vc + 2 |Vret | ) f*c nc

h

Boundary conditions

Force balance on F-actin network

Control Steady State Solution

Model
We have modeled actin polymerization at the leading edge and the resulting retrograde flow of the F-
actin network. Nascent adhesions promote actin polymerization via Rac signaling as well as interact 
with the F-actin network to activate Rho. Subsequently, active myosin II engages and applies stress 
to the F-actin network. The 1-D system of PDEs is solved in MATLAB. 

Control case (no myosin contractility) simulation showing steady state 
spatial profiles of various variables. 

Adhesion density (N0) = 20 #/μm2. Total G-actin (GT) = 10 μΜ. 
Myosin contractility (αmyo) = 0 pN-μm. 
The leading edge is at x = 0 μm.
All other variables are zero, initially.

Introduction
• Cell migration plays an essential role in wound healing, embryonic development, cancer metastasis 

as well as innate and adaptive immunity. 
• Amongst the different cell migration phenotypes, amoeboid and mesenchymal motility modes lie at 

opposite extremes. The mesenchymal migration phenotype is characterized by slow locomotion, 
strong adhesions mostly with the extracellular matrix (ECM), and a distinct actin cytoskeletal and 
myosin spatial profile. 

• In mesenchymal and epithelial cells, integrins orchestrate the dynamics of the actin cytoskeleton, 
responsible for force generation, adhesion complexes, responsible for force transduction, and 
biochemical regulatory networks, responsible for signal transduction.

• Nascent adhesions form at the leading edge of migrating cells, where transmembrane integrins 
form attachments to ECM and to actin filaments during membrane protrusion in a myosin II-
independent manner. 

• Nascent adhesions play an important signaling role in migrating cells. They activate Rac and other 
signaling pathways that further promote barbed end polymerization and protrusion, forming a 
positive feedback loop. Moreover, adhesions under tension promote the activation of RhoA/ROCK 
signaling, which in turn activates myosin II. 

• Nascent adhesions also play a crucial role in force transduction. They bind with F-actin and create 
a mechanical clutch, allowing polymerizing actin to overcome membrane stress and push the 
membrane forward.

Integrative Model of Actin, Adhesion and Signaling Dynamics at the 
Leading Edge of Migrating Cells 

Ankit Chandra and Jason M. Haugh

Department of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh NC
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Myosin Mechanically Disrupts the Feedback Between 
Adhesions and F-actin
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shown to be up regulated in 
many highly invasive 
cancers. To model this we 
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with kF2 in the case of high 
myosin contractility while it 
decreases in the absence of 
myosin contractility.
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Increased F-actin Breakdown Strengthens Positive Feedback 
by Reducing Myosin Stress

Our model predicts an optimal ECM (adhesion) density 
for maximal protrusion velocity. At lower ECM densities, 
not enough clutched adhesions are formed and most of 
the actin polymerization results in retrograde flow (Vret). 
At the optimum ECM density, enough adhesions are 
clutched, activating the positive feedback loop. This 
results in increased Rac signaling and barbed end 
density. Moreover, a steep decrease in retrograde 
velocity at the leading edge (x=0) and a steep increase 
in membrane velocity occurs. At higher ECM densities, 
competition among increased barbed end density for G-
actin reduces protrusion velocity below optimum levels. 

Conclusions
We have constructed a model that integrates and spatially resolves adhesion, cytoskeletal, and 
signaling dynamics at the leading edge of mesenchymal cells. Our model predicts an optimal 
adhesion density for maximal protrusion velocity. This occurs due to a positive feedback loop 
between adhesions and F-actin. Increasing total G-actin directly fuels this positive feedback loop, 
leading to increased protrusion velocity. Myosin activity mechanically disrupts this feedback loop by 
destabilizing the adhesions.
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At lower ECM densities, 
increasing total G-actin has 
limited effect on protrusion 
velocity due to low clutched 
adhesion and barbed end 
densities. At higher ECM 
densities, increasing G-actin 
greatly increases protrusion 
velocity, directly fueling the 
positive feedback loop 
between clutched adhesions 
and F-actin.

Total G-actin Fuels Lamellipodial Protrusion

Close to optimal and at higher 
adhesion densities, increased 
myosin contractility (αmyo) can 
significantly restrict protrusion 
velocity. Myosin activity 
applies stress on the F-actin 
network and destabilizes 
clutched adhesions.

Feedback Between Adhesions and F-actin Promotes 
Lamellipodial Protrusion

F-actin Adhesions

F-actin Adhesions

Myosin

F-actin Adhesions

Myosin

Cofilin

G-Actin (ATP)

ECM

G-Actin (ADP) F-Actin 1

F-Actin 2Myosin

Rho Rac

Arp 2/3 primed 
with G-Actin

Nascent Adhesion 
(free)

Nascent Adhesion 
(clutch)

Force on 
F-Actin

MembraneMyosin ClutchViscous

−μ
∂Vret

∂x x=0
= σ0 + H(Vmax)αmemVmem(t)

Vret(x = L, t) = 0

μ
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∂x2 = − αmyoNAv
∂M
∂x

+ ζVret + ( Vret

Vc + 2 |Vret | ) f*c nc

h

Boundary conditions

Force balance on F-actin network

Control Steady State Solution

Not shown: Can mechanical compliance of the adhesion/F-actin linkage explain durotaxis? 

Modified Y-junction design generates stable, tunable gradients
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NIH/3T3 chemotaxis literature is prolific, but relies on one assay Modified Y-junction design generates stable, tunable gradients  

“If fibroblasts have a chemotactic response […], they keep it quiet.” – M. Abercrombie, 1978

U-net automates segmentation enabling high-throughput cell tracking

Microfluidics make ideal chemotaxis chambers, with caveats

Fibroblast motility places unique constraints on chemotaxis assays

Bubbles disrupt established gradients Cross-flow precludes gradient formation

¾Eliminate syringe pumps and tubing ¾Avoid impracticable ΔP requirements

ΔPmax ≈ 10 mPa 

NIH/3T3 cells may chemotax in very steep gradients of PDGF-BB
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Chemotactic migration 
must be delineated

Gradients must persist 
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Population assays may 
not be prudent

Label ground truth nuclei in situ Segment nuclei with U-net [3] deep learning Automatedly build trajectories with local 
chemoattractant information

3-hour Forward Migration Indices vs. Local Chemoattractant Environment 

FMI

Forward Migration Index (FMI) measures 
directed migration efficiency
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L = 10 µm L = 100 µm L = 600 µm
Random Motility L2 / µ 0.2 hr 17 hr 600 hr
Directed Motility L / vdirected 1.7 hr 17 hr 100 hr
Proliferation 1 / k 33 hr 33 hr 33 hr
Persistence [2] 2µ / v2 0.5 hr 0.5 hr 0.5 hr

Timescales of Motility Phenomena for Various Migration Distances

µ ≈ 10 µm2/min; vdirected ≈ 0.1 µm/min; k ≈ 0.03 hr-1

Phenomenon

[3] Ronneberger, Fischer, and Brox. Int Conf Med img comp & comp-asst intervention. (2015).

U-net deep learning automates segmentation, enabling high-throughput 
cell tracking (collaboration with Dr. Kevin Flores, NCSU)
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¾Eliminate syringe pumps and tubing ¾Avoid impracticable ΔP requirements

ΔPmax ≈ 10 mPa 

NIH/3T3 cells may chemotax in very steep gradients of PDGF-BB
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Chemotactic migration 
must be delineated

Gradients must persist 
for > 10 hours

Population assays may 
not be prudent

Label ground truth nuclei in situ Segment nuclei with U-net [3] deep learning Automatedly build trajectories with local 
chemoattractant information

3-hour Forward Migration Indices vs. Local Chemoattractant Environment 

FMI

Forward Migration Index (FMI) measures 
directed migration efficiency
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Transwell Assay

[2] Othmer, Dunbar, and Alt. Jrn Math Bio. (1988).

L = 10 µm L = 100 µm L = 600 µm
Random Motility L2 / µ 0.2 hr 17 hr 600 hr
Directed Motility L / vdirected 1.7 hr 17 hr 100 hr
Proliferation 1 / k 33 hr 33 hr 33 hr
Persistence [2] 2µ / v2 0.5 hr 0.5 hr 0.5 hr

Timescales of Motility Phenomena for Various Migration Distances

µ ≈ 10 µm2/min; vdirected ≈ 0.1 µm/min; k ≈ 0.03 hr-1

Phenomenon

[3] Ronneberger, Fischer, and Brox. Int Conf Med img comp & comp-asst intervention. (2015).

Model credibility
All of our models are formulated with the intent to publish the work in peer-reviewed journals. In publications, care is taken to explain:
• The context for which each model is used, including the biological significance;
• The model’s variables, parameters, processes, and structure(s), with citation of associated literature;
• Explicit and underlying model assumptions and associated justifications;
• Numerical testing of the model according to accepted standards;
• Important limitations of the model.
Together with the provision of the models in executable form (e.g., source code), annotated according to accepted standards, these 
steps ensure that our modeling results are repeatable and reproducible, and that our models may be readily adaptable by others. 
We are keen to discuss ways that we might improve our internal workflow, including version control and electronic notebooks. 


